Although Staphylococcus aureus is incapable of intracellular multiplication in cultured mouse peritoneal macrophages, it is killed at a much slower rate than the avirulent Staphylococcus epidermidis. In addition to the presence of capsular material which inhibits phagocytosis of specific strains of S. aureus, the data show that a number of cellular and environmental factors affect the functional capacities of mononuclear phagocytic cells. The data obtained by varying the initial level of infection indicate that the number of ingested bacteria may subsequently alter the kinetics of intracellular killing. In vitro maturation of macrophages in culture was also found to exert a pronounced effect on the kinetics of bacterial death.
Although Staphylococcus aureus is incapable of intracellular multiplication in cultured mouse peritoneal macrophages, it is killed at a much slower rate than the avirulent Staphylococcus epidermidis. In addition to the presence of capsular material which inhibits phagocytosis of specific strains of S. aureus, the data show that a number of cellular and environmental factors affect the functional capacities of mononuclear phagocytic cells. The data obtained by varying the initial level of infection indicate that the number of ingested bacteria may subsequently alter the kinetics of intracellular killing. In vitro maturation of macrophages in culture was also found to exert a pronounced effect on the kinetics of bacterial death.
A variety of in vitro methods have been devised to study the host-parasite relationship of phagocytic cells infected with microbial pathogens. In spite of considerable effort, it has not been possible in many instances to quantitate the interaction between microbes and phagocytic cells. Many reasons for this situation may be cited, but all can be reduced to technical problems associated with the task of separating extracellular and intracellular events while at the same time preserving the validity of the in vitro model. Because of these technical difficulties little is known concerning the consequences of related phagocytic events on the bactericidal activity of mononuclear leukocytes or, conversely, if the intracellular microbial burden alters the process of phagocytosis. Therefore, it is important that meaningful models be designed and methods formulated so that valid data of a quantitative nature are obtained. Developments in clinical immunology and medicine in recent years describing a variety of defects in cellular defenses (8, 14, 17, 24) and the importance of cell-mediated immunity for the outcome of infectious disease (16) have amplified the need for accurate methods to assess kinetics of phagocytosis and subsequent antibacterial activity of phagocytic cells independently of each other.
The present study was undertaken to assess phagocytosis and intracellular killing of Staphylococcus aureus within cultured normal mouse peritoneal macrophages by a method which circumvents the technical difficulties usually associated with such studies. The assay system employed allowed dissection of the phagocytic process from the subsequent process of intracellular killing of S. aureus. Although no method yet devised circumvents all potential difficulties and the generation of artificial data, a procedure utilizing the staphylolytic enzyme lysostaphin (Schwarz/Mann, Inc., Orangeburg, N.Y.) described by Hirt and Bonventre (11) and subsequently modified by Baughn and Bonventre (1) was found to offer distinct advantages. The technique made possible the evaluation of a number of factors which influence the kinetics of the Staphylococcus-macrophage interaction.
MATERIALS AND METHODS Animals. The following strains of female mice (6 weeks old) were obtained from the Jackson Laboratory, Bar Harbor, Me.: (i) inbred-BALB/cJ, C57BL/6J, CBA/J and (ii) F, hybrid-B,D2F,/J (C57BL6J female x DBA/2J male). Random-bred Swiss-Webster mice from a local source and CF1 mice from Carworth Farms, New City, N.Y., were used in the preliminary investigations. Mice for any given experiment were matched with respect to age. Animals were housed five per covered cage on dust-free litter and fed pellets and water ad libitum.
Peritoneal macrophage cultures. Murine peritoneal cells were collected by a modification of the procedure of Chang (2) . Groups of 8 to 16 mice were used for each experiment. After cervical dislocation, 4 ml of a mixture composed of 75% NCTC-135 (GIBCO, Grand Island, N.Y.) and 25% heat-inactivated horse serum containing 10 U of heparin per ml was injected into the unstimulated peritoneum. After collection of peritoneal exudates, pooled cell suspensions were washed twice in the same medium and the cell concentration was adjusted to 5 x 106 cells/ml in complete tissue culture medium (CTCM). The latter consisted of 55% NCTC-135, 40% heat-inactivated horse serum, 5% beef embryo extract (GIBCO), 2.5 zg of Fungizone (GIBCO; amphotericin B) per ml, and the cell suspension was pipetted onto sterile glass cover slips (10.5 by 22 mm) and incubated for 2 to 3 h at 37 C in a CO2 incubator. After the removal of nonadherent cells by rinsing the cover slips in sterile saline, groups of four cover slips were transferred to 60-mm petri dishes (Falcon Plastics, Los Angeles, Calif.) containing 5 ml of fresh CTCM. The cells were then reincubated until the time of assay. The spent medium was aspirated, and fresh CTCM was added back to the dishes every third day for those monolayers used in long-term experiments.
Bacteria. S. aureus 502A, a coagulase-positive, non-encapsulated strain, was used as the test organism for the majority of the experiments. For comparative purposes, several other S. aureus strains, i.e., 18Z, Smith, and M240 Welwood, and an avirulent S. epidermidis were also studied. The non-encapsulated strain designated 18Z was obtained through the courtesy of F. A. Kapral. The Smith and M240 Welwood strains are classified as encapsulated.
A streptomycin-resistant mutant of Listeria monocytogenes 19115 (American Type Culture Collection, Rockville, Md.) was obtained by selection on brain heart infusion agar plates (BBL, Cockeysville, Md.) containing 0.1 mg of streptomycin per ml. This strain, designated L. monocytogenes 19115-SM, was used for assessing the behavior of a facultative intracellular parasite within normal peritoneal macrophages.
Suspensions of bacteria were prepared from 3-h (early log) broth cultures to obtain a maximum number of viable bacteria in the inoculum used for infection of macrophages. Trypticase soy broth (BBL) was used to culture all staphylococci and brain heart infusion for the growth of L. monocytogenes. Cell pellets were washed twice in 0.2% gelatin-phosphatebuffered saline, and the number of organisms was estimated by nephalometry prior to dilution in tissue culture medium for infection of monolayers. Bacte:ia were diluted in CTCM without antibiotics to concentrations consistent with the desired multiplicity of infection (MOI). After addition of the bacterial inoculum in 4 ml of CTCM, dishes were reincubated for 20, 40, or 60 min at 37 C and 5% CO2. The fluids were then aspirated and replaced with 4 ml of CTCM (without antibiotics) containing 5 U of lysostaphin per ml. After a 10-min incubation at 37 C with the enzyme, fluids were again aspirated and 5 ml of NCTC-135 was added to each dish for 5 min. At this point each cover glass was removed and gently washed in two sterile saline baths. Three of the four cover glasses were dropped into separate tubes containing 5 ml of 0.05% Saponin and subjected to sonication for 6 min to enhance disruption of infected macrophages. Viable staphylococci were enumerated by the pourplate procedure using blood agar base (BBL) immediately after sonication. The fourth cover glass from each dish was used for protein determination (20) .
In a number of earlier experiments phagocytosis was assessed in the presence of heat-inactivated horse serum which had been adsorbed with heat-killed staphylococci. The adsorption of heat-inactivated horse serum did not appreciably alter the phagocytic index and was interpreted as evidence that heat-stable opsonins in horse serum were incapable of enhancing phagocytosis.
Intracellular killing of S. aureus by mouse peritoneal macrophages. Monolayer cultures were processed as for the phagocytic assays except that phagocytosis was allowed to proceed for 60 min. After lysostaphin treatment for 10 min and the wash in NCTC-135, a dish of four cover slips was processed as described before and designated as the "zero" time sample. Five milliliters of CTCM, containing 2.5 ug of Fungizone and 20 Ag of kanamycin per ml, was added to the other cover slip cultures. Preliminary studies showed that kanamycin at this concentration did not significantly alter the fate of intracellular staphylococci during a 6-h period after phagocytosis. Incorporation of the antibiotic into the medium was necessary to prevent contamination and to eliminate staphylococci released from lysed infected cells. Samples were processed at 1, 3, 6, 24, and 48 h after infection for enumeration of surviving staphylococci within the macrophages. In comparative assays using S. epidermidis as the test organism, horse serum, which is bactericidal for the organism (10) (20) .
Although the data are not presented, the rate of phagocytosis of S. aureus by peritoneal macrophages at any given MOI was linear during a 60-min period. It was also noted that mice of the BOD2F,/J, C57BL/6J, and CBA/J strains between 8 and 13 weeks of age yielded peritoneal macrophages of equal phagocytic ability.
The data show clearly that the conventional method of rinsing infected macrophage cultures after phagocytosis to remove extracellular bacteria yielded data quite different than that obtained when lysostaphin was used for the same purpose. This is apparent at each of the MOIs used. The apparent differences, however, reflect only that a significant number of staphylococci adhere to the macrophage membrane and with conventional rinsing procedures are scored as phagocytized bacteria. This interpretation of the data is supported by the fact that macrophage cultures incubated in medium devoid of antibiotics after phagocytosis resulted in Cell-associated, adherent and phagocytized.
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Intracellular killing of S. aureus by peritoneal macrophages. Figure 1 compares the intracellular fate of S. aureus with S. epidermidis and L. monocytogenes. Predictably, L. monocytogenes was not killed by normal (unstimulated) macrophages (12) . On the other hand, avirulent S. epidermidis was killed very rapidly. Greater than 99% reduction in viability of phagocytized S. epidermidis was noted after 6 h and complete sterilization was effected by 24 h. The fate of intracellular S. aureus was quite different than its avirulent counterpart. The kinetics of killing by peritoneal macrophages were considerably slower, and complete elimination of intracellular S. aureus was never achieved. The latter observation appeared to be independent of strain of S. aureus, MOI, or age of mice used as the source of peritoneal macrophages.
The data in Table 2 show the relationship between MOI and the rate of bacterial killing subsequent to phagocytosis. Whereas bacterial load modulates the kinetics of killing at least during the initial 6-h period. Covariance analysis on the observed and predicted regression lines on grouped data from several experiments indicated significant differences, depending on the number of staphylococci per cell initially ingested. For any one MOI, however, covariance analysis failed to reveal significant differences in bacterial killing by macrophages obtained from different strains of mice or from mice of different ages.
Effect of in vitro maturation on phagocytosis and staphylocidal activities of peritoneal macrophages. Table 3 shows that in vitro maturation of mouse macrophages obtained from the unstimulated peritoneum also has a significant effect on bactericidal potential. The phagocytic capacity increases as the cultures mature during a 2-week period, but the staphylocidal potential appears to diminish significantly after 3 days in culture. Microscopic examination of monolayers maintained in culture for either 6 or 14 days indicated that less than 5% of the total adherent cell population at either time period was fibroblasts.
DISCUSSION
In view of the fact that staphylococcal infections have a tendency to become chronic, the fate of S. aureus within mononuclear phagocytes is an important consideration. Experimental models developed by others to study this bacterial-host cell interaction have been of limited usefulness primarily because of technical difficulties. Techniques which do not dissect phagocytosis from subsequent intracellular killing may lead to spurious conclusions since they cannot account for staphylococci associated with phagocytic cell surfaces, to which they adhere tenaciously. These surface-associated bacteria which would be scored incorrectly as intracellular by conventional assays at times may represent as much as 90% of the viable staphylococci associated with the cells after thorough rinsing (11) . Another complicating factor is the extracellular multiplication of the surface-associated bacteria or those released from lysed infected cells, since these organisms would be subject to repeated endocytic events. Several studies have stressed that unless this situation is carefully controlled results may be misconstrued as intracellular multiplication of S. aureus within phagocytic cells (7, 11, 13 some evidence that certain antibiotics may modify the physiology and viability of phagocytized bacteria (2, 21, 23) . The assay utilized in these studies would appear to circumvent these difficulties, and we found that it could be used to advantage to assess accurately and quantitatively the postphagocytic fate of S. aureus within mouse peritoneal macrophages under a variety of circumstances. Unfortunately the methods used by other investigators (13, 15) (22) and Tan et al. (25) have reported that lysostaphin does not enter neutrophils, the possibility still exists that the enzyme may enter mouse macrophages and subsequently kill intracellular staphylococci. Earlier attempts to confirm or deny this possibility using [5I]lysostaphin (Hirt and Bonventre, unpublished data) were unsuccessful. Residual activity was nonetheless minimized by using a low concentration and a brief exposure period followed by a rinse-dilution step. Repeated studies have shown that uninfected monolayers treated in this manner do not appear to display residual activity by their subsequent inability to significantly reduce the viable counts of standardized suspensions of S. aureus (Baughn and Bonventre, unpublished data).
The lysostaphin assay nevertheless appears superior to other methods in that, if one carefully controls the MOI and serum concentration, it is possible to accurately assess phagocytosis. As such, the technique can be used to study either the kinetics of phagocytosis or the effect of various factors and cultural conditions on the degree of phagocytosis. The phagocytic capacity of mouse macrophages was examined in the present study and found to be low on day 1 of in vitro culture. The extent of phagocytosis increased significantly as the cells matured, with the most marked change occurring during the first 24 h. It is during this period that macrophages change in morphology from an essentially spherical configuration to the typically flattened cell type with pseudopodia usually associated with functional phagocytic cells. Upon prolonged in vitro culture, the phagocytic capacity of the cells was maintained, and after 2 weeks the macrophages ingested staphylococci more avidly than they did after 24 h in culture. Had significant fibroblast contamination occurred, one might have expected a diminished phagocytic ability (11) . Such an effect was never seen. The prolonged interval for phagocytosis prior to separation of staphylococci from macrophages unfortunately, like most other assay methods, permitted the early killing phase to proceed undetected. This, however, did not appear to exert much of an effect on the multiplicity data, since the total counts per milliliter at each of the MOIs (supernatants and monolayers untreated with lysostaphin) at the end of the phagocytic period was comparable to the total counts per milliliter added initially.
The technique enabled us to obtain exclusively intracellular populations of staphylococci for the purpose of studying their intracellular fate. Used in this manner, we found that older cells appeared to be less capable than young cells in clearing ingested staphylococci. The data show that mouse macrophages after more than 1 week in culture kill S. aureus at a slower rate and to a less degree than do their younger counterparts. Cohn and his colleagues (4-6) studied the maturation of mouse peritoneal macrophages in tissue culture and showed that intracellular inclusions, granules, and lysosomal enzymes all increased during in vitro cultivation. Our data suggest that bactericidal ability of the cells does not increase during this maturation process when profound morphological and biochemical changes are occurring. It would be instructive to determine the bactericidal capacity of immature and mature macrophages for a wide spectrum of bacterial species, since one would intuitively suspect that bactericidal capacity would be augmented upon maturation of the mononuclear phagocyte. The loss of bactericidal activity exhibited by cells in culture for extended periods may be due to senescence and might be exploited in studies attempting to identify the mechanisms of bacterial killing by mononuclear leukocytes.
An interesting relationship between the multiplicity of infection and the kinetics of bacterial killing was (18) suggested such a mechanism to account for an apparent heightened capacity of human leukocytes to destroy intracellular staphylococci. They postulated that ingestion of small numbers of staphylococci is well tolerated by leukocytes and does not effectively mobilize the bactericidal capabilities of the phagocyte. In contrast, they suggested that multiple phagocytic events may fully activate bactericidal mechanisms of the blood leukocytes.
Further experiments are necessary to determine if augmented bactericidal activity does exist at the higher multiplicities and, if so, if it is related in a positive manner to the ingestion of viable microbes or, alternatively, to a nonspecific phagocytic stimulus. In an attempt to resolve this question we are currently measuring the kinetics of bacterial killing by mouse macrophages after the ingestion of viable and nonviable S. aureus mixed in different ratios.
